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Device ﬂexibilityAbstract Evaluation of the volume change behavior of expansive soils under controlled suction
and boundary conditions is important for the proper design of different geotechnical systems.
Osmotic technique was used by several researchers for suction controlled testing of expansive soil
specimens. This technique involves circulating polyethylene glycol solution (PEG) over a semi-
permeable membrane underlying a test specimen. Different suction controlled testing apparatuses
incorporating osmotic techniques were developed included triaxial and oedometric testing
conditions to simulate different boundary conditions. This paper describes a series of calibration
performed on suction controlled modiﬁed oedometer and triaxial equipment used for testing expan-
sive soil. The modiﬁed oedometer, developed by the authors, comprises of thin-wall oedometer ring
instrumented with strain gauges to measure the lateral stresses evolving during the test. The ﬁrst
part of this paper introduces the errors that arise during osmotic suction testing, concerning the
device ﬂexibility and PEG solution losses. The second part of the paper highlights the calibration
procedure for estimating lateral stresses in modiﬁed oedometer from instrumented strain gauges
as well as introduces a correction for the temperature ﬂuctuation. Finally, the effect of triaxial cell
ﬂexibility on the volume change measured during osmotic suction controlled testing as well as
temperature effect on volume change measurements were evaluated and correction procedures were
introduced.
ª 2015 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center. This is an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
Suction control using osmotic technique is a common method
used for studying the effect of suction on the behavior of
unsaturated soils. Osmotic suction testing is typically used to
apply suction in the range of (0–10) MPa [1,2]. Kassiff and
Ben Shalom [3] was the forerunner to apply the osmotic tech-
nique for controlling suction in geotechnical engineering.l (2015),
2 M.F. Abbas et al.Various research groups over the world used, improved and
adopted such technique to impose suction in oedometer, triax-
ial and direct shear testing [4,5,1,6–8]. The osmotic suction
technique was imposed on the top and bottom of test specimen
by connecting the semi-permeable membrane to the top cap
and the base of the device membrane behind which an aqueous
solution of large sized polyethylene glycol (PEG) molecules is
circulated. Several researchers have used osmotic suction con-
trol testing for the evaluation of swelling characteristics of
expansive soils [7,2,9,10]. The authors are currently undergo-
ing research to investigate the effect of suction on the swelling
behavior, of a locally available expansive soil, in vertical and
lateral directions. Motivation for this research stemmed from
cases reported in the technical literature where lateral swelling
is the main contributor to observed damages [11,12]. These
tests are performed using suction controlled triaxial testing
and thin-walled oedometer devices.
Polyethylene glycol solution (PEG) calibration is a manda-
tory task for osmotic control testing. This calibration provides
a relationship between the PEG solution concentrations and
imposed suction. Techniques and procedures for PEG calibra-
tion have been extensively discussed in the technical literature
[13,1,14], and is out of the scope of this paper. Depending on
the device used (whether oedometer or triaxial), other calibra-
tions may be needed to assess measurement errors. These errors
need to be quantiﬁed and accounted for in experimental data to
obtain accurate representation of soil behavior. In particular,
this paper investigates the errors that may rise during expansive
soil testing using osmotic suction controlled technique includ-
ing axial deformation due to device ﬂexibility and PEG solution
losses due to evaporation and circulation. Furthermore, device
speciﬁc calibrations needed for the proper interpretation of the
volumetric behavior of expansive soils are presented.
Components of osmotic suction technique and devices used
The osmotic suction technique considered in this research,
Fig. 1, comprised of polyethylene glycol solution (PEG) – with
a molecular weight of 6000 (PEG 6000) – ﬁlled in a one literSucking
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Fig. 1 Schematic layout of
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peristaltic pump for PEG circulation and an electronic balance
for monitoring the change in weight of the PEG solution. The
semipermeable membrane used was Spectra/Por 3 regener-
ated cellulose dialysis membrane with a molecular weight cut
off (MWCO) value of 3500 Daltons that is compatible with
the molecular weight of PEG used (MW= 6000).
PEG solution is circulated in a closed loop with all connec-
tions well sealed to prevent probable leaks. Moreover, the sur-
face of the PEG is sealed by a thick layer (10 mm) of light
silicon oil to prevent potential evaporation of the PEG. The
position of PEG surface was maintained in the ﬂask neck to
reduce the solution surface area exposed to evaporation. The
ﬂask neck was plugged with a stopper with three holes. Two
glass tubes with inside diameter of 1.50 and 3.00 mm were ﬁt-
ted in two of these holes. The 1.50 mm tube is used to allow the
ﬂow of PEG from the peristaltic pump to the ﬂask, while the
3.00 mm tube is used to transfer the ﬂow from the ﬂask to
the tested specimen. The third hole was used to maintain atmo-
spheric pressure on the top surface of the PEG solution.
The peristaltic pump was installed and rotated in a manner
that permit PEG solution to be pulled, rather than pushed,
under the membranes in the testing device, see Fig. 1. The solu-
tion was sucked from the centric hole of the lower part of test-
ing device and enters to testing device from the outer hole of its
upper part, Fig. 1. PEG returns back to the ﬂask by pumping
through the 1.5 mm glass tube. Pulling the solution from the
device lower part, which is connected to the upper part, leads
to circulate PEG solution on both sides of tested sample by
sucking the solution from the outlet glass tube (3.0 mm). The
lower level of the outlet tube (3.0 mm) was positioned to be
lower than that of the inlet tube (1.5 mm) by 30.0 mm to keep
sucking fresh solution and avoid sucking any air bubbles. It is
aforementioned that PEG circulation by sucking reduces the
possibility of air bubble formation and cancels the possibility
of PEG leakage along the membrane edges.
During suction application, PEG solution is circulated
behind the semipermeable membrane in contact with a speci-
men causing water to be extracted or added to the sample toabout 3.0 cm
ucking
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Calibrations for volume change measurements 3attain a speciﬁc matric suction. This will result in change in
PEG ﬂask weight. At suction equilibrium, the recorded weight
of the PEG ﬂask remains unchanged. This indicates that suc-
tion equilibrium has been reached in the whole specimen and
change in weight can be used to evaluate the change in speci-
men’s water content.
The above described osmotic system is connected to the
loading apparatuses used as described in next sections. The
experimental devices include two thin-walled oedometer cells
and two triaxial devices.Thin-walled oedometer
Two thin-walled oedometer cells (TW1 and TW2) were used in
current study. Both cells have the same design which is similar
in principle to that developed by Ofer [15]. Fig. 2 provides a
schematic diagram showing the components of the thin-
walled oedometer cell used in current study. The cell com-
prised of a copper ring with a reduced wall thickness of
1.5 mm (Fig. 2). The ring was instrumented with four strain
gauges adhered every 90 on the outer surface of the ring’s cir-
cumference. Readings of all strain gauges were recorded by a
portable data logger (TDS-303). The instrumented thin-
walled ring provided an indirect method for the measurement
of lateral stresses during expansive soil testing. Lateral strains
measured during the test were transformed to lateral stresses
via appropriate calibration factor – discussed later – thus
enabling the evaluation of specimen’s stress path during the
test. Lateral (circumferential) strains, ec, were evaluated using
the following equation:
ec ¼ ð2pðrþ @rÞ  2prÞ=2pr ¼ @r=r ð1Þ
where r is the ring radius and or is the change in ring radius.10
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Fig. 2 Schematic diagram showing the components of the
osmotic suction control oedometer cell.
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within small recesses (1.0 mm deep) formed in the faces of top
cap and the cell base. The recesses were covered with stainless
steel meshes (opening 0.60 mm) and sealed with semi-
permeable membranes. Two (double) sheets of semi-
permeable membranes were used to minimize the risk of
PEG leakage due to semi-permeable membrane puncture or
membrane degradation. Concentric groves were machined in
both cell base and top cap (of 1.5 mm deep and 3.0 mm thick)
to facilitate the circulation of PEG solution over the entire sur-
face area of the specimen. This setup is believed to improve the
circulation of PEG solution and to minimize testing time.
Triaxial devices
During current research, two devices (TRX1 and TRX2) have
been used in order to accelerate testing progress. These two
devices have the same system of a single cell stress path triaxial
device. Cell and back pressures were applied using computer
controlled pressure volume controllers (PVC). The cell pres-
sure PVC was used in volume change measurements of test
specimens and can measure volume of cell water egress or
ingress in the order of 1.0 mm3 while axial deformation was
measured using a linear variable differential transformer
(LVDT) connected to the loading ram.
Similar to the thin-walled oedometer device, suction con-
trolled testing using osmotic technique was used in the triaxial
device by circulating PEG solution through modiﬁed cell base
and top cap with stainless steel mesh and semi-permeable
membrane as shown in Fig. 3.
Axial deformations due to device ﬂexibility
Correction for device ﬂexibility is stipulated in ASTM D 2435-
04 [16] and ASTM D 4767 [17]. These standards mention that
measured axial deformations must be corrected for apparatus
ﬂexibility in all tests especially when ﬁlter paper disks are used.
The standards also suggest that calibration to be performed
following the exact loading and unloading schedule to be used
due to the inelastic deformation characteristics of ﬁlter paper.Sample
Semi-permeable
membrane
Rubber
membrane
Mesh
O-rings
Tubes
(Di=1.5 mm)
Fig. 3 Specimen setup for the osmotic suction control triaxial.
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Fig. 4 Axial deformations correction due to device ﬂexibility (a)
TW1 and (b) TW2.
4 M.F. Abbas et al.During data reduction, this correction should be applied to the
recorded deformation.
In current experimental setup, the ﬁlter paper was replaced
by a semi-permeable membrane supported by wire mesh (stain-
less steel or woven). Monroy [8] identiﬁed several bedding
errors associated with osmotic technique. These errors
included the deformation of the semi-permeable membrane
and woven mesh as well as indentation of mesh into semi-
permeable membrane and soil sample. Monroy [8] stated that
these errors were hard to quantify and depended on soil stiff-
ness which, in turn, was a function of soil’s degree of hydra-
tion. Furthermore, Monroy [8] and Monroy et al. [9] stated
that these effects were minimal and no correction was applied
to their test results. From the authors’ point of view, these
errors depend not only on soil stiffness but also on the mem-
brane stiffness which in turn affects the amount of penetration
besides its compressibility.
Calibration procedure of tested device involved assembling
the cell using a stainless steel disk of dimensions similar to
tested samples but with a diameter 1 mm less than the thin-
walled ring. Double semi-permeable membrane (OM) and
stainless steel mesh were placed on top and bottom of the
stainless steel disk. The device was then loaded and unloaded
in accordance with the loading sequence expected during the
test. For the sake of comparison, identical calibration tests
were performed to assess the compressibility of ﬁlter paper
(FP) used in conventional testing. For these tests, ﬁlter paper
and porous stone disk were used in lieu of the semi-
permeable membranes and steel meshes.
Fig. 4 shows the axial strains – with respect to a sample
height of 16.1 mm – emerged during calibration of thin-
walled oedometer cells (TW1 and TW2) having ﬁlter paper
and double semi-permeable membrane conﬁgurations. From
Fig. 4, it is observed that the oedometer ﬂexibility correction
in case of using double membranes is higher than that in case
of using ﬁlter paper. Furthermore, both ﬁlter paper and mem-
brane experienced inelastic strain behavior. This highlights the
importance of following loading and unloading sequence
scheduled for testing. Similarly, calibration results of triaxial
devices (TRX1 and TRX2) are depicted in Fig. 5. Based on
calibration results shown in Fig. 4, corrections due to device
ﬂexibility can be applied to experimental data.
Reconstituted samples of Al-Qatif expansive clay were used
in this study. Details of physical properties of tested soil were
provided in [18]. Fig. 6 illustrates the uncorrected and
corrected axial strain for oedometer samples investigated – at
the same conditions – under conventional and suction
controlled testing. From Fig. 6, it is apparent that even after
corrections have been applied, variation exists between both
FP corrected and OM corrected loading curves. This can be
attributed to indentation of mesh into the soil.Correction for PEG solution losses
The amount of water ingoing or outgoing the sample during
suction control testing is considered important data for the
evaluation of sample’s water content. This will help in the
determination of soil water retention curve (SWRC). To mea-
sure accurately the change in sample water, it is essential to
measure precisely the change in weight of the PEG solution,
which can be obtained by weighing the solution ﬂask. WithPlease cite this article in press as: M.F. Abbas et al., Calibrations for volume change
http://dx.doi.org/10.1016/j.hbrcj.2015.03.003the conﬁguration shown in Fig. 1, the evaporation and circu-
lation losses, which may cause error in weighing, have been
minimized. PEG solution losses have been monitored using a
balance with 0.01 g precision for about 7 days and it was
deemed of negligible effect.
Calibration of thin-walled oedometer cells
Lateral strain calibration
As stated earlier, lateral strains recorded using thin-walled ring
instrumented with strain gauges were transformed to lateral
stresses via a calibration curve. To this end, a procedure for
the thin-wall ring was devised to estimate relationship between
lateral strains observed and developed lateral stresses. The
thin-walled ring was encased between a solid upper plate from
the top and a thick plastic sheet from the bottom creating a
sealed compartment as shown in Fig. 2. The upper plate has
an inlet port for admittance of pressurized air into the com-
partment. Air pressure was incrementally increased and the
strains developed corresponding to each air pressure increment
were recorded. Several cycles of air pressure loading and
unloading were performed to ensure the reliability and the
repeatability of calibration results. Variation of recorded lat-
eral strains with air pressures applied is presented in Fig. 7.
Based on Fig. 7, the slope of the linear relationship between
lateral strains and pressure (i.e., lateral stress) can be used as
a calibration factor for each strain gauge. From Fig. 7, it is
apparent that the calibration factor is nearly equal for three
strain gauges with one having a different value (strain gaugemeasurements using osmotic suction control technique, HBRC Journal (2015),
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Fig. 5 Calibration of device ﬂexibility for testing systems (a)
TRX1 and (b) TRX2.
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Fig. 7 Calibration of lateral strain gauges relating to applied
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Calibrations for volume change measurements 5#1). Close examination of strain gauges revealed that strain
gauge #1 was installed on the lower third of the ring in con-
trary to other strain gauges which were installed at the ring
mid-height. This indicates the signiﬁcance of strain gauge loca-
tion on the calibration and test results.
Temperature correction for lateral strains
The ambient temperature was observed to have a signiﬁcant
effect on the lateral strain readings and, consequently, onPlease cite this article in press as: M.F. Abbas et al., Calibrations for volume change
http://dx.doi.org/10.1016/j.hbrcj.2015.03.003estimated lateral stresses. Fig. 8 shows the variation of the lat-
eral strains recorded. From Fig. 8, it is observed that the lateral
strain readings vary in tandem with ambient temperature
changes. As such, calibration is required to evaluate lateral
strain correction factor due to temperature changes. The pro-
posed calibration procedure involved fully assembling the
oedometer cell without sample and simultaneously record lat-
eral strain and temperature for an extended time period of
3 days. Temperature readings were recorded using a thermo-
couple type K temperature sensor mounted on the oedometer
body. All strain gauges and temperature readings were
recorded using a data logger. Based on results of calibration,
the coefﬁcient of circumferential thermal expansion, ac, of the
copper thin-walled ring was estimated to be 11 * 106/C.
Hence, corrected lateral strains were computed using the fol-
lowing equation;
ecc ¼ ecu  ac  ðTi  TrÞ þ ðerc  eruÞ ð2Þ
where
ecc = Lateral strain corrected for temperature variation at
time i,
ecu =Lateral strain uncorrected for temperature variation
at time i,
Ti = Temperature reading at time i,
Tr = Temperature reading at a reference time,
eru = Lateral strain uncorrected for temperature variation
at start of loading,
erc = Lateral strain corrected for temperature variation at
start of loading.measurements using osmotic suction control technique, HBRC Journal (2015),
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Fig. 8 Variation of lateral strain gauges readings with temper-
ature (a) TW1 and (b) TW2 cells.
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Fig. 10 Immediate volume change for uncontrolled testing
systems (a) TRX1 and (b) TRX2.
6 M.F. Abbas et al.Using Eq. (2), raw data of lateral strain measurement devel-
oped during sample testing were corrected for temperature
variation. Fig. 9 shows the uncorrected and corrected lateral
stresses.
Calibration of triaxial cells
One common technique used in measuring volume change of
unsaturated specimens in triaxial cells involves recording the
ingress or egress of water from the cell. Nevertheless, there are
number of factors thatmay affect the overall accuracy of the vol-
ume change measurement using this technique. Ng et al. [19]
attributed errors in volume change measurements to three com-
ponents: (i) ‘‘immediate’’ volume change due to the expansion–
contraction of the cell wall, connecting tubes and cell water
caused by the change in cell pressure; (ii) volume change varia-
tion due to temperature ﬂuctuation; and (iii) increase in volume
change with time due to the cell and membranes creep. These
components are referred to as apparent volume change, AVC
[19]. At this point, it is worth noting that the last two compo-
nents are considered time-dependent components.
To quantify and develop correction factors for different
error components, a series of calibrations were performed.
All triaxial equipment calibrations were performed using a
stainless steel dummy sample placed between the triaxialPlease cite this article in press as: M.F. Abbas et al., Calibrations for volume change
http://dx.doi.org/10.1016/j.hbrcj.2015.03.003platens to discard volume changes due to sample volume
change. The ﬁrst series of calibration tests involved applying
two cycles of cell pressure similar to loading and unloading
sequence followed during the test. For each pressure increment
or decrement, the target pressure was applied in two minutes
ramp and sustained for one day. The immediate volume change
relationship with respect to applied pressure is shown in Fig. 10.
From Fig. 10, it was observed that there is a linear relation
between the immediate apparent volume change and the
applied pressure for pressures above 50 kPa. The immediatemeasurements using osmotic suction control technique, HBRC Journal (2015),
24
25
26
27
28
29
30
31
-1000
-500
0
500
1000
1500
2000
2500
0 2000 4000 6000 8000
T
em
perature, C
o
A
pp
ar
en
t V
ol
um
e 
C
ha
ng
e,
 m
m
3
Time, t (min.)
Total (AVC)
On cell temp.
26.5
27.0
27.5
150
250
350
450
1800 2000 2200
(a)
24
25
26
27
28
29
30
31
-1000
-500
0
500
1000
1500
2000
2500
0 2000 4000 6000 8000
Tem
perature, C
o
A
pp
ar
en
t V
ol
um
e 
C
ha
ng
e,
 m
m
3
Time, t (min.)
Total (AVC)
On cell temp. (b)
Fig. 11 Time-dependent volume change for uncontrolled testing
systems (a) TRX1 and (b) TRX2.
Calibrations for volume change measurements 7volumetric strain error with respect to applying cell pressure
can be estimated to be in order of 0.0136%/kPa for a sample
with dimensions 30 mm in height and 75 mm in diameter.
Moreover, the calibration data were repeatable and there is a
slight difference between the loading and unloading relations.
This relationship can be used to adjust volume change measure-
ments for immediate volume change recorded during the test.
To evaluate time-dependent AVC due to temperature (only
temperature variation was considered given the required long
monitoring duration for assessment of creep correction for each
applied stress), a second series of test was performed in which
cell pressure was applied and maintained for about one week.
During this period, cell volume change measurements and
ambient temperature using a thermocouple-type K temperature
sensor mounted on the triaxial cell exterior were recorded.
Variation of ‘‘on cell’’ temperature and AVC with time was
recorded as shown in Fig. 11. From Fig. 11, it is observed that
on cell temperature and AVC follow similar trends; however,
with an 80 min response delay for volume change to ‘‘on cell’’
temperature (see insert in Fig. 11). The volume change varia-
tion with respect to temperature can be estimated to be in
order of 345 mm3/C which is equivalent to volumetric strain
rate of 0.26%/C for a sample with dimensions 30 mm in
height and 75 mm in diameter.
Conclusion
The purpose of this paper was to present the calibration pro-
cedures that should be taken in account during suctionPlease cite this article in press as: M.F. Abbas et al., Calibrations for volume change
http://dx.doi.org/10.1016/j.hbrcj.2015.03.003controlled testing of expansive soils using osmotic suction
technique. Calibration procedures related to osmotic suction
technique and devices used were discussed.
The study highlighted the importance of correcting the
axial deformation due to device ﬂexibility and semi-
permeable membrane compressibility to obtain reliable estima-
tion of the stiffness parameters. The correction of PEG losses
has been estimated and was believed to be minimal according
to the proposed conﬁguration.
Calibration procedure for estimating lateral stresses from
lateral strain gauges instrumented in thin-walled oedometer
has been demonstrated. Moreover, correcting equation for
temperature variation effect on the lateral strain readings has
been presented. Given the magnitude of the temperature cor-
rection, it would be good to emphasize the importance of test-
ing in a controlled temperature environment. Finally,
corrections for the apparent volume change components have
been depicted.
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